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үшүгөн, phospholipids, and cholesterol esters are the predominant dietary 
ipids. 

Dietary lipids are hydrolyzed in the intestinal lumen and products are taken up by 
enterocytes. Enterocytes re-synthesize [ER] lipids and Lid them into 
chylomicrons for secretion. Chylomicron core is rich in triacylglycerols and 
cholesteryl esters. 

These lipoproteins are hydrolyzed during circulation and products are taken by 
С tissues. Remaining remnant particles аге removed from circulation by 
the liver. 


— are exclusively иш via the — iici pathway. Besides 

chylomicrons, absorption of phospholipids, free cholesterol, retinol, and vitamin 

E also involves high density lipoproteins/HDL. 

These two pathways are complementary and are regulated independently. They 

may be targeted to lower lipid absorption in order to control hyperlipidemia, 

ай metabolic syndrome, steatosis, insulin resistance, atherosclerosis and other 
isorders. 


Besides chylomicrons, recent studies indicate that high density lipoprotein 
assembly and secretion by the intestine also plays a role in intestinal lipi 
absorption. 
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° i yao phospholipids, and cholesterol esters are the predominant dietary 
ipids. 
° An important step in the intestinal digestion of these lipids is their emulsification with 


bile salts. Emulsification makes lipids better substrates for hydrolysis by various lipases 
found in the lumen of the intestine. 


* Triglyceride hydrolysis releases free fatty acids (FFAs) and monoacylglycerols. 


* Phospholipid hydrolysis yields FFAs and lysophospholipids. 
* Cholesterol esters are hydrolyzed to free cholesterol and FFAs. 


* Enterocytes use diffusion and protein- mediated transport mechanisms to take up 
monoacylglycerols and FFAs. 


* Diffusion across these epithelial cells occurs when FFA concentrations in the lumen 
exceed those inside the cell. When extracellular concentrations are lower, then 
protein-mediated uptake mechanisms might become more important in the uptake of 
monoacylglycerols and FAs. 


* Several proteins including cluster of differentiation 36 (CD36) and various FA transport 
proteins have been shown to be involved in this process. 


* After their entry into cells, FFAs are transported to various organelles for further 
processing by FA-binding proteins . An important step for their secretion is their 
transport to the ER. 
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In the endoplasmic reticulum (ER), monoacylglycerols are esterified with FFAs by monoacylglycerol 
acyltransferases to form diacylglycerols, which are converted to triacylglycerols by diacylglycerol 
acyltransferases . 


Diacylglycerol can also be combined with choline and ethanolamine to synthesize phospholipids by 
choline and ethanolamine transferases. 


Free cholesterol taken up by the enterocytes is esterified in the ER by membrane- bound acyl- 
CoA:cholesterol acyltransferases. Esterification of free cholesterol and FFA into cholesteryl esters and 
glycerolipids may prevent deleterious effects associated with their excess accretions. Further, synthesis 
of these lipids may favor the entry of hydrolyzed intralumenal products into the cell by reducing their 
intracellular concentrations. 


The lipids synthesized in the ER membrane have two fates: 
1. They can either become part of cytosolic lipid droplets and stored, or 


2. transported to the ER for secretion. 


The cytosolic lipid droplets are large spherical particles surrounded by a phospholipid monolayer. They 
mainly accumulate toward the apical side in the cytosol of enterocytes. Their surface contains several 
proteins; perilipin family members being the prominent. The core consists of neutral lipids 
(triglycerides, cholesterol esters). Their biogenesis starts in the ER and mechanisms involved in their 
formation are being elucidated. In most cells, these droplets bud off toward the cytosol. However, they 
may partition toward ER lumen in cells that assemble lipoproteins such as hepatocytes and enterocytes. 
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The cytosolic lipid droplets are subsequently mobilized and secreted during fasting state in enterocytes. Mobilization 
involves hydrolysis of triglycerides, mobilization of FAs to the ER and re-synthesis of triglycerides at the ER and 
subsequent secretion with lipoproteins. 

Their accumulation may provide a mechanism for the storage of fat during meal consumption and to mobilize it a later 
time. The mobilization of fat from these stores might contribute to plasma triglyceride increases seen just before the 
digestion of food. Thus, the transient storage of fat as cytosolic lipid droplets might help optimize lipid absorption during 
food consumption and provide sustained lipid supply during fasting. 

Besides the cytosolic droplets, lipid droplets are also seen in the ER lumen of hepatocytes and enterocytes. 

Lipids are packaged into large, spherical triacylglycerol-rich lipoproteins called chylomicrons. Chylomicron core is rich 
in triacylglycerols and cholesteryl esters. 

The chylomicron surface is covered with phospholipid monolayer and contains free cholesterol and is surrounded by a 
large protein, apolipoprotein B48 (apoB48). In addition to the nonexchangeable apoB48, several exchangeable 
apolipoproteins can be found on the surface of the chylomicron, including apoAl, apoAIV, and apoCs. 

Chylomicron core is rich in triacylglycerols and cholesteryl esters. The apoB48-containing lipoproteins are synthesized 
in the intestine in a constitutive manner, but the amount of lipid transported with these particles changes dramatically 
during the postprandial state as a result of increased amounts of lipids being packaged into larger lipoprotein particles. 
Chylomicron particles are then transported to the cis-Glogi by pre-chylomicron transport vesicles (PCTVs). These 
vesicles are larger than protein transport vesicles and contain the unique vesicle-associated membrane protein 7. 
Liver FA-binding protein and protein kinase C isoform 7 are involved in the budding of these PCTVs from the surface of 
the ER. Chylomicrons also contain coat protein complex ll-interacting proteins that are important for the subsequent 
fusion of PCTVs with the cis-Golgi. These particles undergo further modifications in the Golgi such as the addition of 
apoAl and glycosylation of apoB48. 

Chylomicrons are then released from the basolateral side and enter the general circulation at the thoracic duct. 
Increases in blood triacylglycerol levels in the postprandial state might be due to the increased rate of entry of these 
particles into the general circulation. 
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Voie exogène du métabolisme des lipides 


Le cholestérol alimentaire et les acides gras sont absorbés. Les 


à partir d'acides gras libres et le glycérol et le cholestérol sont estérifiés. Les 
pour former des i et se déplacent vers les 


sites périphériques. Dans les tissus périphériques, les acides gras libres sont libérés des chylomicrons pour être 
utilisés comme énergie, convertis en triglycérides ou stockés dans les tissus adipeux. Les restes sont utilisés dans 
la formation de HDL. 


Voie endogène du métabolisme des lipides : 


à partir de triglycérides et d'esters de cholestérol. Ceux-ci peuvent être 
de la 
circulation . Les particules de LDL contiennent un noyau d'esters de cholestérol et une 
plus petite quantité de triglycérides. 


Dans le foie, le et sécrété dans les intestins. Dans les tissus 
LDL sont utilisées dans la production d' s, la synthese des 

également absorbé par les macrophages et d'autres cellules, ce qui peut entraîner une 

la formation de cellules spumeuses qui jouent un rôle important dans la 


an 
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Oxidation of fatty acids occurs in multiple regions of the cell within the human body; 
the mitochondria=only Beta-oxidation occurs; 


1. Mitochondrial beta-oxidation yields per round of oxidation, one FAD(2H) molecule and one NADH 
molecule, as well as one acetyl CoA molecule. 


the peroxisome: alpha- and beta-oxidation; and 
omega-oxidation, occurs in the endoplasmic reticulum. 


Beta-oxidation is a significant source of metabolic energy during interprandial periods and high energy 
demand states, such as exercise. These metabolic conditions induce the release of fatty acids from 
adipose tissue due to the secretion of circulating mediators, such as epinephrine and glucagon, which 
increase the rate of lipolysis . 


This metabolic pathway provides a large portion of the energy requirement of skeletal muscle, heart 
muscle, and kidneys when glycogen and gluconeogenic precursors become scarce. 


Thus, fatty acid oxidation provides an alternative mode of high-efficiency energy production while 
simultaneously sparing muscles from catabolic breakdown. Other forms of fatty acid oxidation 
mentioned above are primarily designed to rid the body of large, insoluble xenobiotic compounds and 
lipid-based cellular components, such as sphingolipids and plasma membrane constituents. 


Mitochondrial beta-oxidation can be used to supply acetyl CoA to two separate pathways, 
depending on which tissue oxidation occurs: 


1. In skeletal and cardiac muscle, mitochondrial fatty acid oxidation leads to substrate production for 
the tricarboxylic acid (TCA) cycle, in the form of acetyl CoA, and provides ATP for the myocytes. 


2. In hepatocytes, fatty acid oxidation provides acetyl CoA for ketone body synthesis during 
prolonged fasting conditions, in which glycogen stores have been reed 
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Beta oxidation requires specific enzymes to carry out the metabolism of fatty acids. 


O aated fatty acids, such as palmitate (16:0) and stearate (18:0), a base set of enzymes catalyze the reactions to yield the above 
molecules. 


Additional enzymes may be required if the fatty acids to be oxidized are not saturated and, thus, contain double bonds, such as 
oleate (18:1). Differences in the molecular structure of fatty acids that require additional enzymes for metabolism, whether they are 


destined for beta-oxidation or not, will be discussed in the section headed “Molecular.” 


Peroxisomal beta-oxidation is specialized in that it metabolizes very-long-chain fatty acids [VLCFAS), which are composed of 24-26 
carbon units. Processing of these molecules proceeds in a similar fashion to mitochondrial beta-oxidation; however, some enzymatic 
steps differ and are discussed below. 


Alpha oxidation of fatty acids occurs in the peroxisome as well; this metabolic pathway exists to degrade by-products of chlorophyll 
a component of green vegetables in the diet. Phytanic acid is the primary molecule that requires the enzymes dedicated to alpha: 
oxidation. It derives from chlorophyll within ingested plant matter. 


As previously mentioned, omega-oxidation, the third and final fatty acid oxidation pathway, occurs in the endoplasmic reticulum. 
This pathway exists to process large, water-insoluble fatty acids that would otherwise be toxic to the cell in higher concentrations. 


The bond is broken between the second carbon/beta carbon and the third carbon/gamma 


carbon, hence the name beta oxidation. This process provides energy from fats. 
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Important concepts pertaining to the regulation of mitochondrial beta-oxidation, cellular handling, and transport of fatty acids will be 
discussed here. As the other forms of fatty acid oxidation are substrate-dependent and are not regulated by feedback or substrate 


concentrations, they will not receive the same level of discussion as mitochondrial beta-oxidation. 


Fatty acid beta-oxidation is regulated by the cell's energy requirements. These molecules become more available in times of increased energy 
demand of prolonged fasting due to stimulation of hormone-sensitive lipase in adipose tissue epinephrine and glucagon. 


Serum-free fatty acids increase under the influence of these molecules and enter target cells. Other factors that regulate beta-oxidation 
include : 


adequate oxygen supply for the continued electron acceptance from carrier substrates produced, namely FAD(H2) and NADH, to maintain a 
pool of electron acceptors available. 


Expression of enzymes involved in fatty acid oxidation becomes upregulated through fatty acids behaving as ligands that bind to peroxisome 
proliferator-activated receptors (PPARs); these transcription factors form homo-/heterodimers and translocate to the nucleus, where they 
alter gene expression involved in the production of proteins required for beta-oxidation and mitochondrial biogenesis. 


Transportation of long-chain fatty acids into the mitochondrial matrix requires three enzymes, in addition to acyl-CoA synthetase. The 
transport of fatty acyl-CoA across the outer mitochondrial membrane occurs by carnitine:palmitoyltransferase | (CPT I); this enzyme 


simultaneously converts fatty acylcarnitine. This step is heavily regulated by the energy status of the cell; malonyl-CoA levels rise during the 
synthesis of fatty acids and function to inhibit mitochondrial beta-oxidation at this point in the pathway. The enzymatic transportation and 
conversion completed by CPT I is the rate-limiting step of fatty acid oxidation in the mitochondria. Fatty acyl-carnitine molecules are then 
transported into the mitochondrial matrix in exchange for carnitine by carnitine:acylcarnitine translocase through an antiport mechanism. 


The pool of carnitine available to this transporter depends on the functioning of carnitine:palmitoyltransferase II (CPT 11), which serves to 
convert acylcarnitine to fatty acyl CoA, trapping the molecules within the mitochondrial matrix. 


In contrast to this involved, regulated transport mechanism, VLCFAs are not dependent on carnitine for transport into peroxisomes; the 
transport of branched-chain fatty acids destined for alpha-oxidation is similar to this process, and as previously mentioned, is substrate- 


dependent. VLCFAs and phytanic acid are transported into peroxisomes by the ABCD1-3 transporters by an ATP-dependent process; 
deficiencies of these transporters have demonstrated to have severe implications and are discussed below in "Clinical Significance." 
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In a similar fashion to previous sections, the process and enzymatic steps of the beta-oxidation spiral will primarily undergo 
discussion with alternative oxidation pathways mentioned later, as they pertain to and produce metabolic products destined 
for mitochondrial beta-oxidation. Variation of fatty acid molecular structure and additional required enzymes will also be 
discussed. 


Mitochondrial beta-oxidation of fatty acids requires four steps, all of which occur in the mitochondrial matrix, to produce 
three energy storage molecules per round of oxidation, including one NADH, one FAD(H2), and one acetyl CoA molecule. 


. Step 1. The first enzyme required is called acyl COA dehydrogenase, and as other enzymes involved in the handling of fatty 
acids, it is specific to chain length. Members of this enzyme family include long-chain, medium-chain, and short-chain acyl 
CoA dehydrogenases (LCAD), (MCAD), and (SCAD), respectively. These enzymes catalyze the formation of a trans double 
bond between the alpha and beta carbons on acyl CoA molecules by removing two electrons to produce one molecule of 
FAD(H2), which eventually accounts for 1.5 ATP molecules produced in the electron transport chain (ETC). 


. Step 2. Next, the enzyme, enoyl CoA hydratase, performs a hydration step of the double bond between the alpha and beta 
carbons; this results in the addition of a hydroxyl (OH-) group to the beta carbon and a proton (H+) to the alpha carbon. 
There is no energy production associated with this step. 


. Step 3. Following hydration, the next step is carried out by beta-hydroxyl acyl CoA dehydrogenase; as the name implies, 
electrons and two protons are removed from the hydroxyl group, and the attached beta carbon to oxidize the beta carbon 
and produce a molecule of NADH. Each molecule of NADH will result in the production of 2.5 ATP molecules from the ETC.[6] 


. Step 4. The final step in Beta oxidation involves cleavage of the bond between the alpha and beta carbon by CoASH. This 
step is catalyzed by beta-keto thiolase and is a thiolytic reaction. The reaction produces one molecule of acetyl CoA and a 
fatty acyl CoA that is two carbons shorter. The process may repeat until the even chain fatty acid has completely converted 
into acetyl CoA. 


Steps 1 through 4 refer to the beta-oxidation of a saturated fatty acid with an even-numbered carbon skeleton. Unsaturated 
fatty acids, such as oleate (18:1) and linoleate (18:2), contain cis double bonds that must be isomerized to the trans 
configuration (enoyl CoA isomerase) or reduced at the expense of an NADPH molecule (2,4-dienoyl CoA reductase). `° 
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Odd-chain fatty acids undergo beta-oxidation in the same manner as even chain fatty acids; however, once a five-carbon chain remains, the 


final spiral of beta-oxidation will yield one molecule of acetyl CoA and one molecule of propionyl CoA. This three-carbon molecule can be 
enzymatically converted to succinyl CoA, forming a bridge between the TCA cycle and fatty acid oxidation. 


VLCFA beta-oxidation in peroxisomes occurs by a process similar to mitochondrial beta-oxidation; however, some key differences exist, 
including the fact that different genes encode fatty acid oxidation enzymes in peroxisomes, which is significant is certain inborn errors of 
metabolism.[7] The enzyme responsible for the production of a double bond between the alpha and beta carbon in the first step of the 
peroxisomal pathway is an oxidase and donates electrons to molecular oxygen to produce hydrogen peroxide, rather than storing electrons in 
FAD(H2) as reducing the potential for the ETC. The remaining three steps are similar to the mitochondrial steps. 


Another notable difference involves the extent to which beta-oxidation occurs; it may occur to completion, ending in the production of acetyl 
CoA molecules than are able to enter the cytosol or be transported to the mitochondria bound to carnitine.[ Carnitine may also transfer short 
to medium-chain fatty acids to the mitochondrial matrix for the completion of oxidation.[8] 


Branched-chain fatty acids also require additional enzymatic modification to enter the alpha-oxidation pathway within peroxisomes. Phytanic 
acid, 3,7,11,14-tetramethylhexadecanoic acid, requires additional peroxisomal enzymes to undergo beta-oxidation. Phytanic acid initially 
activates to phytanyl CoA; then, phytanyl CoA hydroxylase (alpha-hydroxylase), encoded by the PHYH gene, introduces a hydroxyl group to the 
alpha carbon.The alpha carbon-hydroxyl bond then undergoes two successive rounds of oxidation to pristanic acid. Pristanic acid undergoes 
beta-oxidation, which produces acetyl CoA and propionyl CoA in alternative rounds. As with peroxisomal beta-oxidation of VLCFAs, this process 
generally ends when the carbon chain length reaches 6-8 carbons, at which point the molecule is shuttled to the mitochondria by carnitine for 
complete oxidation to carbon dioxide and water. 


Omega-oxidation of fatty acids in the endoplasmic reticulum primarily functions to hydroxylate and oxidize fatty acids to dicarboxylic acids to 
increase water solubility for excretion in the urine. This enzymatic conversion relies on the cytochrome P450 superfamily to catalyze this 
reaction between xenobiotic compounds and molecular oxygen.[9] Deficiencies in some enzymes of fatty acid oxidation may result in 
accumulation. Thus, up-regulation of omega-oxidation, increased serum, and or urine medium-chain dicarboxylic acids can be diagnostic of 
certain deficiencies and will be discussed under the "Clinical Significance" section. 
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e Fatty Acid Oxidation = FAO 


e FAO is a series of reactions in which fatty acids are broken down іп a stepwise 
manner to generate acetyl-CoA, which can then either enter the citric cycle or be 
used for the synthesis of fatty acids and cholesterol or in acetylation reactions. 

e In addition to acetyl-CoA, the reduced coenzymes, FADH2 and NADH, are also 
generated and subsequently oxidized via the electron transport chain. Thus, FAO 
only occurs under aerobic conditions. 

° Long-chain acyl-CoA enters mitochondria bound to carnitine. 

* Inside mitochondria beta oxidation of fatty acids takes place in which two carbon 
atoms are removed in the form of acetyl-CoA from acyl-CoA at the carboxyl 
terminal. 

* The bond is broken between the second carbon/beta carbon and the third 
carbon/gamma carbon, hence the name beta oxidation. This process provides 
energy from fats. 
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Clinical Significance 


Listed below are a few select diseases that either directly involves defective fatty acid metabolism through intrinsic enzyme 
deficiencies or indirectly prevent the proper functioning of fatty acid metabolism through extrinsic enzyme deficiencies. Many, 
but not all, deficiencies of enzymes involved in fatty acid oxidation result in abnormal neurological development and or 
function early in life; a brief list of signs and symptoms appears under the selected diseases mentioned. 


MCAD Deficiency: Medium-chain acyl dehydrogenase is the most common inherited defect of fatty acid oxidation in humans; 
as one would expect, medium-chain, 6-8 carbon molecules accumulate in this disease. Clinical manifestations of MCAD 
deficiency primarily present during fasting conditions and include lethargy, weakness, diaphoresis, and hypoketotic 
hypoglycemia, most commonly in children under the age of 5.[Serum measurements of octanoyl carnitine are usually elevated 
in these patients and can aid in the diagnosis. These abundant molecules then undergo oxidation by the cytochrome P450 
system involved in omega-oxidation, resulting in a dicarboxylic acidemia and dicarboxylic aciduria. This clinical syndrome must 
be differentiated from Reye's Syndrome, as salicylates compete with medium-chain fatty acids for binding sites on MCAD. 


Zellweger Syndrome: Zellweger syndrome results from autosomal recessive mutations in the PEX genes; these DNA sequences 
code for peroxin proteins, which are involved in the assembly of peroxisomes. Almost 7096 of all peroxisomal biogenesis 


disorders (PBDs) result from a PEX1 gene mutation. Many different fatty acid compounds can accumulate without the 
oxidative machinery of peroxisomes, including VLCFAs and phytanic acid. Manifestations of this disease generally include the 
brain, kidneys, and skeleton. 


X-Linked Adrenoleukodystrophy (X-ALD): X-ALD is a genetic deficiency of the ABCD transporters in the membrane of 
peroxisomes, as mentioned previously, resulting in the pathological accumulation of phytanic acid and VLCFAs within cells and 
is most clinically significant when the ABCD1 transporter is absent. The disease presents with neurodegenerative and adrenal 
abnormalities. 


Refsum Disease: Refsum disease results from a genetic deficiency of the enzyme phytanyl CoA 2-hydroxylase, which, as 
previously mentioned, is involved in the alpha-oxidation of phytanic acid, a breakdown product of chlorophyll.[7] Notable 
clinical manifestations of Refsum disease include cardiac malfunction and defective functioning of the olfactory and auditory 
nerves due to the accumulation of phytanic acid. 
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The rate of fatty acid oxidation changes in response to the nutritional and hormonal state of the animal. 
The rate of fatty acid oxidation is high during fasting but low in the fed animal. One cause for this 
change is the higher concentration of unesterified (free) fatty acids in the circulation of the fasting 
animal as compared to the concentration in the fed animal. 


An increased concentration of free fatty acids results in higher rates of cellular uptake and oxidation 


of fatty acids. In liver, which has high capacities for both synthesizing and oxidizing fatty acids, a 
mutual relationship exists between these two processes. 


After feeding, when carbohydrates are converted to triacylglycerols, the rate of fatty acid synthesis is 
high because acetyl-CoA carboxylase is active. This enzyme catalyzes the carboxylation of acetyl-CoA 
to malonyl-CoA, malonyl-CoA is the first committed intermediate in fatty acid synthesis. Malonyl-CoA 


binds to and effectively inhibits CPT I that initiates the uptake of fatty acids by mitochondria. Thus, 


when fatty acids are rapidly synthesized, the cytosolic concentration of malonyl-CoA is high and the 
mitochondrial uptake and oxidation of fatty acids are inhibited. 


This situation is reversed during fasting when lower blood glucose levels cause the plasma 
concentration of the hormone glucagon to increase and that of insulin to decrease. Glucagon 
promotes the phosphorylation and inactivation of acetyl-CoA carboxylase with the result that the 
cytosolic concentration of malonyl-CoA declines. The lower concentration of malonyl-CoA causes fatty 
acid synthesis to decrease and fatty acid oxidation to increase. The same regulatory mechanism may 
be effective in tissues such as heart and skeletal muscle that oxidize fatty acids but do not synthesize 
them. Although malonyl-CoA is generated in these tissues by acetyl-CoA carboxylase, it seems to ) be 
metabolized by decarboxylation catalyzed by malonyl-CoA decarboxylase. 
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Fatty acid oxidation is tightly regulated at several points of the pathway to achieve a balance between energy production and 
expenditure. 


The rate-limiting step of fatty acid oxidation is the transport of fatty acyl-CoA to the mitochondria matrix through the 
carnitine system. 


This is important because acyl-CoA formed on the cytosolic side of mitochondria can either be: 
directed to lipid biosynthesis or 
2. fatty acid oxidation. 


Acyl-CoA translocated to the mitochondrial matrix is committed to fatty acid oxidation. The first key regulatory checkpoint of 
fatty acid oxidation is performed by malonyl-CoA, the first intermediate in the cytosolic biosynthesis of long-chain fatty acids 
from acetyl CoA . Malonyl-CoA inhibits CPT-I, ensuring dominance of anabolic (synthesis) over catabolic (oxidation) processes. 


Fatty acid oxidation is additionally regulated by the energetic balance of the cell with [NADH]/[NAD+] ratio serving as the 
determinant of the cellular energetic status; excess NADH inhibits B-hydroxyacyl-CoA dehydrogenase, limiting the conversion 
of l-a-hydroxyacyl-CoA to a-ketoacyl-CoA, the third step in the B- oxidation loop. 


In conditions of low ATP levels (energy deficient state), the concentration of AMP increases and AMPK phosphorylates and 
inhibits several lipogenic target enzymes, including ACC1/2. A decrease in malonyl-CoA eliminates the inhibition of fatty acyl- 
carnitine transport into the mitochondria and allows B-oxidation to proceed to replenish ATP stores. 


Other regulatory mechanisms involve the action of transcription factors over certain genes to obtain a response in a 
prolonged manner. The PPAR family of nuclear receptors affects many metabolic pathways in response to a variety of fatty 
acid-like ligands. PPARa acts in tissues with highly oxidative function such as muscle, BAT and liver to increase expression of a 
set of enzymes required for fatty acid oxidation, including ACSL1, CPT-I, CPT-Il and fatty acyl-CoA dehydrogenases. Fasting or 
long-term starvation triggers a PPARa response to catabolise lipids for energy supply. Similarly, in response to reduced blood 
glucose concentration, glucagon-mediated signalling augments cAMP concentrations, which activates the transcription factor 
CREB responsible for turning on expression of a subset of genes catalysing lipid catabolism. 
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Overview of de novo (blue 
color) and ex novo (green 
color) pathways involved in 
lipid metabolism and their 
link with glyoxylate and the 
TCA cycles (in yeast cell?). 
The dashed line represents 
the multistep process. 
Orange abbreviations 
represent genes encoding 
key enzymes investigated in 
the study: ACL—ATP-citrate 
lyase, FAS—fatty acid 
synthase, ICDH—NADP- 
dependent isocitrate 
dehydrogenase, DAG— 
diacylglycerol 
acyltransferase, POX—acyl- 
coenzyme A oxidase 
(adopted and modified after 
[1,9]). 
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Summary of 
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metabolism: 
oxidation 
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Overview of energy metabolism pathways in a normal heart. Fatty acids are transported into the 
cardiomyocyte via CD36 and fatty 610 transporter protein (FAT) and undergo esterification to form fatty acyl- 
CoA. The acyl group is transferred to carnitine by carnitine palmitoyltransferase 1 (CPT-1) to form long-chain 
acylcarnitine and is transported into the mitochondria where it is converted back to fatty acyl-CoA by CPT-2. 
The fatty acyl-CoA then undergoes beta-oxidation to form acetyl-CoA. The activity of CPT1 is regulated by 
malonyl-CoA which is formed through carboxylation of acetyl-CoA by acetyl-CoA carboxylase (ACC) and 
reverted to acetyl-CoA by malonyl-CoA decarboxylase (MCD). The activity of ACC is regulated by 
phosphorylation via energy sensors such as AMP-activated protein kinase (AMPK). Glucose enters the 
5 through glucose-transporters-1 or 4 (GLUT-1, GLUT-4). Free glucose is phosphorylated into 
glucose-6-phosphate (glucose-6P), which can enter different pathways such as glycolysis, pentose phosphate 
pathway, or the hexosamine biosynthesis pathway. Glycolysis remains the main pathway, producing pyruvate, 
ше nicotinamide adenine edo (NADH), and a small amount of ATP [122]. Lactate is transported 
into the cardiomyocytes via the monocarboxylic acid transporter (MCT1) and converted into pyruvate by 
lactate dehydrogenase (LDH), a process consuming reduced nicotinamide adenine dinucleotide (NADH). 
Pyruvate enters the mitochondria via the mitochondrial pyruvate carrier (MPC) and is converted into acetyl- 


CoA by pyruvate dehydrogenase (PDH). PDH is inhibited by phosphorylation through pyruvate 
S 


dehydrogenase kinase isoenzyme 4 (PDK4). Pyruvate can also undergo carboxylation to form malate or 
oxaloacetate to replenish the TCA cycle (anaplerosis) [123]. Ketones are taken up into the cardiomyocyte by 
monocarboxylate transporter 1 (encoded by SLC16A gene) and undergo a series of reactions mediated by В- 
hydroxybutyrate dehydrogenase 1 (BDH1), succinyl-CoA:3 oxoacid-CoA transferase (SCOT), and acetyl-CoA 
acyltransferase (ACAT1) to form acetyl-CoA. Branched-chain amino acids (BCAA) are transported into the 
cardiomyocyte via the branched-chain amino acid:cation symporter family (LIVCS). It is converted into 
branched-chain ketoacids (BCKA) by the mitochondrial branched-chain aminotransferase (BCATm) and 
forms acetyl-CoA and succinyl-CoA via oxidative decarboxylation by branched-chain alpha-ketoacid 
dehydrogenase (BCKDH). The activity of BCKDH is regulated via phosphorylation by BCKDH kinase and 
dephosphorylation through protein орь C2m (РРСәт). САСТ, carnitine-acylcarnitine translocase 
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Fatty acid metabolism in cancer. Key enzymes involved in fatty acid (FA) metabolism. Orange-highlighted enzymes have 
been reported as altered in cancer or associated with cancer stemness. ACC acetyl-CoA carboxylase, ACLY ATP citrate 
lyase, ACSS2 acyl-CoA synthetase short-chain family member 2, FASN fatty acid synthase, CPT1/2 carnitine/palmitoyl- 
transferase 1/2, CACT carnitine acylcarnitine translocase, FAO fatty acid oxidation, IDH isocitrate dehydrogenase, TCA 
cycle tricarboxylic acid cycle, PDK pyruvate dehydrogenase kinase, PDH pyruvate 
dehydrogenase, P phosphorylation, U ubiquitylation, Ac acetylation 
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ATP citrate lyase (ACLY) 
Carnitine palmitoyl- 
transferase 1 (Cpt1), 

// acetyl-CoA carboxylase 
(ACC), // fatty acid synthase 
(FASN). // carnitine acyl- 
carnitine translocase 
(CACT), / / CIC- 
citrate/isocitrate carrier 
(CIC)// ACSS2 =Acetyl- 
CoA synthetase 
2(ACSS2) 

// de novo lipogenesis 
(DNL) // FFA=FREE 
FATTY ACID// 

PUFA- Polyunsaturated 
Fatty Acid // MUFA- 
Monounsaturated Fatty 
Acids // ELOVL= 
elongases // 
SCD=Stearoyl-CoA 
desaturase (SCD) /// 
FATP= Fatty acid transport 
proteins (FATPs)// FABPpm 
=plasma membrane fatty 
acid-binding protein 


(FABPpm). 38 
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FIGURE 1. A schematic representation of fatty acid (FA) metabolism. Long chain FAs, such as palmitic acid, are 
actively transported across the cell membrane by membrane-bound transporters, such as CD36 and FA transport 
protein (FATP). FA binding proteins (FABPpm, membrane-associated; FATP, cytosolic) facilitate the transfer. In the 
cytosol, FAs can either be stored in lipid droplets or undergo enzymatic conversion to FA-acyl-CoA that can enter the 
mitochondria via the carnitine palmitoyltransferases 1 and 2 (CPT1, CPT2) transporters, located on the outer and 
inner mitochondrial membranes, respectively. The activation of CPT1 is a survival signal and inhibits the 
oligomerisation of the pro-apoptotic Bcl-2 family proteins, Bak, and Bax. Inside mitochondria, FA-acyl-CoA molecules 
are broken down in a series of enzymatic reactions known as f$-oxidation. FADH2 and NADH are released and are 
used as co-factors in the electron transport chain (ETC) to produce ATP. Acetyl-CoA is released and enters the 
tricarboxylic acid cycle (TCA), where it is oxidised for citrate production. Citrate is transported to the cytosol where it 
is converted to acetyl-CoA. Acetyl-CoA carboxylase 1 (ACC1) -mediated conversion of acetyl-coA to malonyl-CoA is 
the rate-limiting step in fatty acid synthesis. Malonyl-CoA in particular when produced by ACC2, inhibits CPT1 and 
thus limits (-oxidation. 
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Mitochondrial fatty acid oxidation in 
kidney tubule. FA enters into cytosol 
j diti of renal proximal tubule cell (PTC) via 
Normal condition FABP or CD36. In the cytosol, FA are 
Mitochondrion 
Acetyl-CoA —— converted from acetyl-CoA to acyl- 
CoA by acetyl-CoA synthetase and 


2 ESOR “iS then transferred to mitochondrial 


synthetase | matrix by сагпіїіпе shuttle, Cpt-1, 
Na CACT, and Cpt-2, step by step. Acyl- 
CoA undergoes В-охідаїіоп to 
produce acetyl-CoA for TCA. NADH 
Nucleus | 7 and FADH2 generated by TCA are 


* Ë NA used as electron donors for RC. FA, 
fatty acid; FAO, fatty acid B-oxidation; 
Cpt, carnitine O-palmitoyltransferase; 
CACT, carnitine-acylcarnitine 
translocase; TCA, tricarboxylic acid 
cycle; RC, respiratory chain. 
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Defective mitochondrial fatty acid oxidation and lipid accumulation in injured kidney tubular cell. Upon tubular injury, PPARa 
translocates to mitochondria and binds with cyclophilin D (CypD), resulting in mitochondrial sequestration and decreased 
transcriptional activity of PPARa for FAO genes (38). Inhibition of FAO genes depletes ATP by impaired FAO and that in turn 
induces PTC necrosis, maladaptive repair, and kidney dysfunction (1, 9, 20, 29, 36, 38, 39, 43, 44). FA, fatty acid; FAO, fatty 
acid B-oxidation; Cpt, carnitine O-palmitoyltransferase; CACT, carnitine-acylcarnitine translocase; TCA, tricarboxylic acid cycle; 


RC, respiratory chain. 36 
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Reprogramming of fatty acid metabolism in cancer cell 
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cancer cell [3]. GLUT1: glucose transporter 1, 
MCT: monocarboxylate transporter, CD36: 
cluster of differentiation 36, ACSS2: acetyl-CoA 
synthetase 2, TCA: tricarboxylic Acid, FATPs: 
fatty acid transport protein family, FABPpm: 
plasma membrane fatty-acid-binding proteins, 
ACLY: ATP citrate lyase, ACC: acetyl-CoA 
carboxylase, FASN: fatty acid synthase, SCD1: 
stearoyl-CoA desaturase-1, ELVOLs: elongation 
of very-long-chain fatty acid protein, TAG: 
triacylglycerides, PUFA: polyunsaturated fatty 
acids, MUFA: monounsaturated fatty acids. 
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ATP citrate lyase (ACLY) // Carnitine 
palmitoyl-transferase 1 (Cpt1), 

// ACC =acetyl-CoA carboxylase 
(ACC), // fatty acid synthase (FASN). 
// carnitine acyl-carnitine 
translocase (CACT), // CIC= 
citrate/isocitrate carrier (CIC )// 
ACSS2 -Acetyl-CoA synthetase 
2(ACSS2) 

// de novo lipogenesis (DNL) // 
FFA-FREE FATTY ACID// 

PUFA- Polyunsaturated Fatty Acid 
// MUFA- Monounsaturated Fatty 
Acids // ELOVL- elongases // 
SCD-Stearoyl-CoA desaturase (SCD) 
If 

FATP- Fatty acid transport proteins 
(FATPs)// FABPpm -plasma 
membrane fatty acid-binding 
protein (FABPpm). 


The first step in the fatty acid elongation cycle is 
catalysed by the 3-keto acyl-CoA synthases (in 
mammals, ELOVL elongases). 37 
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Adipose tissue Lipolysis of fat stored as triglycerides in adipose tissue occurs in 
response to increasing energy demands that cannot be adequately 
do dd supplied by glucose. Hormones, such as glucagon, catecholamines, 
ACTH, catecholamines ACTH, corticosteroids and growth hormone, stimulate hormone- 
sensitive lipase, whereas insulin inhibits this enzyme. Lipolysis of 
+ triglycerides releases NEFAs (which are usually long-chain fatty acids) 
Lipolysis (hormone and glycerol. Glycerol is taken up by cells and used for glucose 
sensitive lipase) production or can be used to re-form triglycerides. NEFAs are water- 
NEFA=Non-esterified insoluble and are transported bound to albumin. Once taken up by 
fatty acids insulin hepatocytes, NEFAs are esterified. The esterified fatty acids then have 
several fates: 
Hepatocyte 1) They can recombine with glycerol to form triglycerides, which are 
packaged into VLDL. The VLDL are exported from the liver or (if 
produced in excess) are stored as fat within the hepatocyte (eventually 
causing lipidosis). 
2) They can enter the mitochondria (in a reaction that requires 
carnitine) and be used for energy production (through the Kreb’s cycle) 
or ketone formation. Within the mitochondria, esterified fatty acids 
undergo B-oxidation to acetyl CoA. Acetyl CoA combines with 
oxaloacetate in the Kreb’s cycle (tricarboxylic acid cycle) to form citrate. 
Continued oxidation in this cycle leads to energy (ATP) production. If 
reb's cycle Ketones oxaloacetate supplies are low (oxaloacetate is used as a substrate for 
gluconeogenesis in states of negative energy balance), acetyl CoA is 
then used to form ketones. 
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The main function of adrenocorticotropic hormone /ACTHis to stimulate your 
adrenal glands to release cortisol. Cortisol is an essential hormone that affects 
oxidation in peripheral tissues almost every organ and tissue in your body. 
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(Overview of hepatic fatty acid (FA) 
input, synthesis and disposal in the 
postprandial state. FA input to the liver 
derives from (1) the lipolysis of adipose 
(subcutaneous and visceral) tissue TAG 
(TG), and (2) dietary fat, which enter the 
liver as either chylomicron remnants or 
bylomicron-derived spillover FA. FA 
ЅУЙ есѕіѕ occurs within the liver, via de 
по lipogenesis (DNL) which involves 
théBynthesis of FA from acetyl-CoA 
ved from non-lipid precursors, such 
5 glucose. These FA enter a common 
pool and can then be broadly 
partitioning between two pathways for 
disposal. One is the esterification 
pathway, where predominantly TG is 
produced which can then be either 
stored in the cytosol (as a lipid droplet) 
or can lipidate VLDL in the endoplasmic 
reticulum (ER) to form VLDL-TG and then 
secreted into the systemic circulation. 
The other possible fate for FA disposal is 
oxidation either via the tricarboxylic acid 
cycle to form CO,, or the ketogenic 
pathway where B-hydroxybutyrate 
(3OHB) is produced and entersithe 
systemic circulation. 
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A) de novo lipogenesis (DNL) produces lipids by 
disposing of glucose and calories. Whereas lipids can 
be directly incorporated into intracellular stores in an 
energetically efficient manner, the conversion of 
glucose into intracellular lipids via DNL is a costly 
process. 
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Energetic and biosynthetic functions of de novo lipogenesis (DNL) in the control of metabolic homeostasis. (A) DNL 
produces lipids by disposing of glucose and calories. Whereas lipids can be directly incorporated into intracellular stores in 
an energetically efficient manner, the conversion of glucose into intracellular lipids via DNL is a costly process. Glucose 
enters the cell via specific glucose transporters. It is converted to pyruvate via glycolysis and, in this form, enters the 
mitochondria where it is converted to acetyl-CoA in order to enter the Krebs cycle. In the presence of excessive glucose and 
calories, citrate from the Krebs cycle is exported to the cytoplasm via the citrate carrier (CIC). The latter is the first 
committed step of DNL. Indeed, citrate is a powerful inducer of acetyl-CoA carboxylase (ACC) activity, which produces 
malonyl-CoA, a major intermediate of fatty acid synthesis and an inhibitor of the fatty acid transporter CPT-1. However, it is 
important to consider that fatty acid synthase (FAS) consumes malonyl-CoA, limiting its accumulation and consequent 
inhibition of CPT-1. Because DNL and f-oxydation of fatty acids are distinct pathways, fatty acid synthesis and p-oxidation 
can occur simultaneously, creating futile cycles as described during brown adipose tissue activation and browning of white 
adipose tissue. The pentose phosphate pathway (PPP) is an important intracellular source of NADPH, which provides 
energy for DNL. Altogether DNL is an energetically inefficient way to form intracellular lipids and, in specific circumstances, 
can act as a considerable sink for calories and glucose. 

(B) DNL was also proposed to support the synthesis of several signaling molecules implicated in the control of metabolic 
homeostasis. These include specific lipids of the sarcoplasmic reticulum (SR) membrane controlling SERCA function and 
intracellular calcium; secreted lipids with cytokine-like activity supporting metabolic homeostasis “lipokines”, such as 
palmitoleic acid (PAO) and branched fatty acid esters of hydroxy fatty acids (FAHFA); endogenous ligands of nuclear 
receptors including PPARa (16:0/18:1-GPC), PPARy (alkyl ether lipids), and possibly LXR. DNL was also implicated in the 
palmitoylation and acetylation of specific proteins. 
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The acyl carrier protein (ACP) is a cofactor of both fatty acid and polyketide 
biosynthesis machinery. /Acyl carrier protein (ACP) transports the growing fatty acid 
chain between enzyme domains of fatty acid synthase (FAS) during biosynthesis. 
Because FAS enzymes operate upon ACP-bound acyl groups, ACP must stabilize and 
transport the growing lipid chain. 
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The citrate shuttle 

After the consumption of excess carbohydrates, acetyl-CoA begins to accumulate in the mitochondrial matrix. Recall that 
glycolysis produces pyruvate, which is converted into acetyl-CoA via the pyruvate dehydrogenase complex. Citrate synthase then 
catalyzes the formation of citrate from acetyl-CoA and oxaloacetate. 

Typically, this is how acetyl-CoA enters the tricarboxylic acid cycle (TCA). However, since an excess of carbohydrates has been 
consumed, regulatory measures are taken to slow the TCA cycle, and citrate begins to accumulate. Recall that the TCA cycle's 
rate-limiting step is isocitrate dehydrogenase, which acts downstream of citrate synthase—hence causing a build-up of citrate. 
To remedy this, citrate is shuttled to the cytoplasm via a citrate shuttle. An enzyme in the cytoplasm catalyzes the reverse 
reaction of citrate synthase, by splitting citrate into acetyl-CoA and oxaloacetate. 


b) The oxaloacetate shuttle 
The oxaloacetate that is now present in the cytoplasm then re-enters the mitochondrial matrix in a series of steps: 
1.Oxaloacetate is converted to malate. 


2.Malic enzyme catalyzes the conversion of malate into pyruvate and produces NADPH as a byproduct. This NADPH will be critical 
in later steps of synthesis. 

3.Pyruvate enters the mitochondrion and is converted into oxaloacetate by pyruvate carboxylase. 

Here, oxaloacetate can again be paired with acetyl-CoA to form citrate via citrate synthase. 

Why go through the trouble of shuttling citrate and pyruvate back and forth? Note that the oxaloacetate shuttle results in the 
production of NADPH. This NADPH is a crucial electron carrier that will be needed later in the synthesis. Without the 
oxaloacetate shuttle, these electrons would not be able to move from the inner mitochondrial membrane into the cytoplasm. 
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Overview of lipid metabolism. Lipid metabolism consists of two distinct arms, namely, fatty acid oxidation (B- 
oxidation) and lipid synthesis. The peroxisome proliferator-activated receptor (PPAR) family of transcription factors regulates the 
expression of genes involved in B-oxidation, as depicted in blue. However, the sterol regulatory element binding protein (SREBP) 
family of transcription factors controls the expression of enzymes and transport proteins required for fatty acid and cholesterol 
synthesis, as shown in red. Briefly, cytosolic fatty acids (FAs) are activated by fatty acyl-CoA synthetase (FACS), which introduces 
a CoA adduct, yielding fatty acyl-CoA. Long-chain fatty acyls enter the mitochondria for oxidation via the carnitine shuttle system. 
Carnitine palmitoyl-transferase 1 (Cpt1), located on the outer mitochondrial membrane, exchanges the CoA adduct for a 
carnitine molecule, forming acylcarnitine. Acylcarnitines are transported into the mitochondrial matrix through carnitine acyl- 
carnitine translocase (CACT), where they are reconverted back to fatty acyl-CoA by the action of Cpt2. Once inside the matrix, 
fatty acyl-CoA undergoes a series of dehydration, hydration and thiolysis reactions (B-oxidation), which generate NADH and 
FADH, reducing equivalents and acetyl-CoA. NADH and FADH, donate electrons to complexes 1 and 2 of the electron transport 
chain and acetyl-CoA enters the tricarboxylic acid (TCA) cycle. In the TCA cycle, acetyl-CoA is converted into citrate, which may be 
exported to the cytosol through Slc25a1. The enzyme ATP citrate lyase (ACLY) catalyses the conversion of cytosolic citrate to 
acetyl-CoA, which is an important step in endogenous lipid synthesis. Cytosolic acetyl-CoA is converted to malonyl-CoA through 
the action of acetyl-CoA carboxylase (ACC), which together form the major substrates for fatty acid synthesis by the multienzyme 
complex fatty acid synthase (FASN). FASN catalyzes the synthesis of palmitic acid, a 16 carbon saturated fatty acid, which may be 
converted into palmitoleic acid, a 16-carbon unsaturated fatty acid through the action of stearoyl-CoA desaturase (SCD). In 
addition, cytosolic acetyl-CoA may enter the mevalonate pathway, resulting in the production of cholesterol and other steroids. 
Together, fatty acids and cholesterol play an important role in membrane synthesis and signaling and can also be stored in lipid 
droplets to be later used as a fuel source 
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Overview of lipid metabolism. ATP citrate lyase (ACLY) 
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. Schematic diagram of fatty acid biosynthesis, elongation and 


Acetyl-CoA + Malonyl-CoA storage as TAGs in yeast cells. ACC: acetyl-CoA carboxylase; KS: 
4 KS 3-ketoacyl synthase; KR: 3-ketoacyl reductase; DH: enoyl 
3-ketoacyl-ACP/COA dehydratase; ER: enoyl reductase; GUT: glycerol kinase; GPAT: 

- glycerol-3-phospate acyltransferase; LPAT: lysophosphatidic acid 


3-hydroxyacyl-ACP/CoA acyltransferase; DGAT: diacylglycerol acyltransferase. 
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k Regulation of acetyl-CoA 
Sugar — k Glyceral | biosynthesis pathways for 
enhanced production of fatty 
| acids. The strengthened 
Pyruvate <= Pyruvate steps involved in acetyl-CoA 
generation were indicated in 
blue line and the blocked 
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Ketone bodies are produced by the liver and used peripherally as an energy source when glucose is not readily 
available. 


The two main ketone bodies are acetoacetate (AcAc) and 3-beta-hydroxybutyrate (3HB/BHB), while acetone is 


the third, and least abundant, ketone body. 


Ketones are always present in the blood and their levels increase during fasting and prolonged exercise. They are 
also found in the blend of neonates and pregnant women. 


Diabetes is the most common pathological cause of elevated blood ketones. In diabetic ketoacidosis (DKA), high 
levels of ketones are produced in response to low insulin levels and high levels of counterregulatory hormones. In 
acute DKA, the ketone body ratio :AcAc) rises from normal (1:1) to as high as 10:1. In response to insulin 


therapy, 3HB levels commonly decrease long before AcAc levels. The frequently employed AI ies test only 
detects AcAc in blood and urine. This test is inconvenient, does not assess the best indicator of ketone body levels 


(3HB), provides only a semiquantitative assessment of ketone levels and is associated with false-positive results. 
Recently, inexpensive quantitative tests of 3HB levels have become available for use with small b'ood samples (5- 
25 microl). These tests offer new options for monitoring and treating diabetes and other states characterized by 


the abnormal metabolism of ketone bodies. 


Ketogenesis is a metabolic pathway that produces ketone bodies, which provide an alternative form of ener 
for ihe body. The body is constantly producing small amounts of ketone bodies that can make 22 ATP each in 
normal circumstances, and it is regulated mainly by insulin. In a state of ketosis, ketone body production is 


increased when there are decreased carbohydrates or increased fatty acids. However, ketoacidosis can occur if 
too many ketone bodies accumulate, such as in cases of uncontrolled diabetes. 


Ketogenesis produces acetone, acetoacetate, and beta-hydroxybutyrate molecules by breaking down fatty acids. 
Thesé ketones are water-soluble lipid molecules made up of two R-groups attached to a carbonyl group (C = O). 
Because they are water-soluble, they do not require lipoproteins for transport. Of the three, acetoacetate and 
beta-hydroxybutyrate are acidic, having pKa values of 3.6 and 4.7, respectively 
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In healthy humans, the body is continually making a small number of ketones to be used by the body for energy. In times of 
fasting, even overnight while sleeping, the level of ketone bodies in the blood increases. 


The normal pathways to create energy involve either stored carbohydrate or non-carbohydrate substances. When ample 
carbohydrate stores are available, the main pathway used is glycogenolysis. This involves the breakdown of glycogen stores in 
muscle and liver. Gluconeogenesis, the production of glucose from non-carbohydrate sources such as lactate, is often utilized 
as well, especially in situations involving exercise. 


When carbohydrate stores are significantly decreased or fatty acid concentration increases, there is an upregulation of the 
ketogenic pathway and an increased production of ketone bodies. This can be seen in conditions such as type 1 diabetes, 
alcoholism, and starvation. Most organs and tissues can use ketone bodies as an alternative source of energy. The brain uses 
them as a major source of energy during periods where glucose is not readily available. This is because, unlike other organs in 
the body, the brain has an absolute minimum glucose requirement. The heart typically uses fatty acids as its source of energy 
but also can use ketones. Although it is the primary site that produces ketone bodies, the liver does not use ketone bodies 
because it lacks the necessary enzyme beta ketoacyl-CoA transferase. 


Ketogenesis occurs primarily in the mitochondria of liver cells. Fatty acids are brought into the mitochondria via carnitine 
palmitoyltransferase (CPT-1) and then broken down into acetyl CoA via beta-oxidation. Two acetyl-CoA molecules are 
converted into acetoacetyl-CoA via the enzyme thiolase; this is also known as acetyl coenzyme A acetyltransferase (ACAT). 
Afterward, acetoacetyl-CoA is converted to HMG-CoA via the enzyme HMG-CoA synthase. HMG-CoA lyase then converts 
HMG-CoA to acetoacetate [AcAc]. Acetoacetate can be converted to either acetone through non-enzymatic decarboxylation 


or to 3-beta-hydroxybutyrate [3HB/BHB] via beta-hydroxybutyrate dehydrogenase. 


Acetoacetate and beta-hydroxybutyrate are the two ketone bodies used by the body for energy. Once they reach extrahepatic 
tissues, beta-hydroxybutyrate is converted to acetoacetate via the enzyme beta-hydroxybutyrate dehydrogenase, and 
acetoacetate is converted back to acetyl-CoA via the enzyme beta-ketoacyl-CoA transferase. Acetyl-CoA goes through the 
citric acid cycle, and after oxidative phosphorylation, produces 22 ATP per molecule. Acetone does not convert back to acetyl- 
CoA, so it is either excreted through urine or exhaled. 
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Ketogenesis. Excess acetyl CoA is diverted from the Krebs cycle to the ketogenesis pathway. This reaction occurs in the 
mitochondria of liver cells. The result is the production of P-hydroxybutyrate, the primary ketone body found in the blood. 


Ketogenesis is especially important when an individual's blood glucose 
has decreased, and they must maintain an energy source for organs such 
as the brain. 
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* Regulation of Ketogenesis Stress ——  _ Hypothalamus 


* Ketogenesis can be upregulated by hormones such as S. N 


glucagon, cortisol, thyroid hormones, and catecholamines by 
causing a more significant breakdown of free fatty acids, thus 


increasing the amount available to be used in the ketogenic 
pathway. However, insulin is the primary hormonal regulator 
of this process. Insulin regulates many key enzymes in the 
ketogenic pathway, and a state of low insulin triggers the 
process. 
* A low insulin state leads to: 
1. Increased free fatty acids (FFAs) corticotropin 
m n : ACTH ACTH) 

2. Dueto decreased inhibition of hormone-sensitive lipase ( ° 

3. Increased uptake of FFAs into the mitochondria 

4 
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Increased production of ketone bodies 
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Relationships among hypothalamic hormones, 
pituitary hormones, and target organs. Numerous 
hormone-releasing and hormone-inhibiting factors 
formed in the arcuate and other hypothalamic nuclei 
are transported to the anterior pituitary by 
hypophysioportal vessels. In response to hypothalamic 


corticotropin, which evokes corticosteroid secretion by 
the adrenal cortex; growth hormone (GH), which elicits 
production of insulin-like growth factors by the liver; 
follicle-stimulating hormone (FSH), which stimulates 
spermatogenesis and facilitates ovarian follicle 
development; luteinizing hormone (LH), which elicits 
testosterone secretion by the testes, facilitates ovarian 
follicle development, and induces ovulation; thyroid- 
stimulating hormone (TSH), which stimulates thyroxin 
secretion by the thyroid gland; and prolactin, which 
induces breast tissue growth and lactation. The 
posterior pituitary hormones, which are formed in the 
supraoptic and paraventricular nuclei, are transported 
by nerve axons to the posterior lobe, where they are 
released by physiologic stimuli. Oxytocin induces milk 
ejection by the breast and stimulates uterine 
contractions during labor. Vasopressin increases water 
and sodium reabsorption by the kidneys. 


hormones, the anterior pituitary secretes the following: 
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Ketone oxidation 
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Ketone Oxidation. When glucose is limited, ketone bodies can 
be oxidized to produce acetyl CoA to be used in the Krebs cycle 
to generate energy. 


п 
CH3—C—S-CoA + СНз – С —– S—CoA 
2 Acetyl-CoA 


Ketone body catabolism generates acetyl-CoA that сап be terminally oxidized within the ТСА 
cycle or used for sterol biosynthesis and DNL[denovo lipogenesis]. Ketone bodies are an | 


alternative and glucose-sparing fuel source, avidly oxidized in heart and muscle. Moreover, 
neurons do not effectively generate high-energy phosphates from fatty acids and consequently 


O 
oxidize ketone bodies during starvation and in the neonatal period. 


I 
HSC — C — S-CoA 


Ketone metabolism consists of the oxidation and utilization of ketone bodies by mitochondria, Acs ms enters 


especially in organs with high energy demand. This process produces NADH and FADH2 for the Krebs cycle 
electron transport chain and delivers acetyl CoA for gluconeogenesis. Prolonged fasting or 

vigorous exercise may lead to an excess of ketones and cause ketosis. One of the most feared 

complications in the setting of ketosis is in diabetic patients. When diabetic patients do not 

receive enough insulin physiologically or from supplementation, they will inappropriately enter 

ketosis, leading to diabetic ketoacidosis (DKA). 


EN 


Clinical Significance of ketone bodies 


An overproduction of ketone bodies through increased ketogenesis can pose a problem due to their acidic nature. Diabetic 
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ketoacidosis (DKA) is an example involving the overproduction of ketone bodies. It occurs when there is a lack of or resistance 


to insulin. This usually occurs in people with type I diabetes, although it can happen to people with advanced type II diabetes 
as well. In most cases of type Il diabetes, enough insulin production continues to prevent excessive ketogenesis. 


Due to the lack of glucose brought in by insulin, cells start to produce glucose via gluconeogenesis. This process, along with 
existing glucose that cannot be brought in with insulin, significantly elevates serum glucose levels. The threshold for DKA is a 
glucose level of 250. However, it is typically greater than this amount. 


Once carbohydrate stores become depleted and gluconeogenesis cannot occur anymore, ketogenesis is substantially 
increased, and greater amounts of ketone bodies are produced. Due to the acidic nature of beta-hydroxybutyrate[BHB] and 


acetoacetate[AcAc], this causes an anion gap metabolic acidosis. 


On presentation, patients are usually very dehydrated from being hyperglycemic. The high glucose levels lead to osmotic 
diuresis, involving greater osmole concentrations (in this case, the osmole being glucose) that cause an increased osmotic 
pressure, which leads to reduced water reabsorption in the kidneys. Along with being dehydrated, patients typically present 
with confusion, nausea, vomiting, and abdominal pain. Because of the acidosis, patients often breathe very deeply and 
rapidly to eliminate carbon dioxide and cause respiratory alkalosis. This process is known as Kussmaul breathing, and, over 
time, a patient can experience respiratory distress due to the prolonged exertion of respiratory muscles. Cerebral edema can 
Occur in severe cases of DKA. Because of the acetone produced by ketogenesis, patients can have breath that smells fruity or 
like nail polish remover. 

is to resolve metabolic acidosis, which involves giving glucose and insulin to lower blood 


glucose levels and downregulate the ketogenic pathway and decrease the number of ketone bodies produced. Ketoacidosis 
also can occur with severe alcoholism and prolonged starvation. 
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Figure 1: Mechanism for the Decrease in LDL Levels 


Bile Acid Sequestrants Statins Ezetimibe 


| 


increased Bile Inhibition of HMG-CoA Decreased Intestinal 
Synthesis Reductase Cholesterol Absorption 


Decrease in Hepatic Cholesterol 


y 


increase in Hepatic LDL Receptors 


y 


Decrease in Plasma LDL 


771 


Acetyl-CoA 
4- 
Acetoacetyl-CoA 


HMGCS { 
HMG-CoA 

HMGCR l 
Mevalonate 


v 
v 


Farnesyl-PP 
Fdft1 l 


Squalene 
v 
v 


Lanosterol 


Cyp51 l 
Cholestatriene 


2023-10-07 


4-Methylzymosterone 
l HSD17B7 


4-0 Methylzymosterol 


Y 

y Nsdh CHILD 
Zymosterone 

| hsb1787 


= ш Zymosterol + Dhcr24 Desmosterolosis 
H Y 


7-Dehydrodesmosterol Lathosterol ^ | athosterolosis 


Desmosterol 7-Dehydrocholesterol 


Ls Dher7 Smith-Lemli-Opitz 
Cholesterol "m (SLOS) 


779 


2023-10-07 


1038331S310H9 
À 
SUOIIESI 6| | NONINOIAN SNI3108d 
woes OH  O3LYTANTHd 
aualenbs k Hd(çN var: / à 
euejenbsopixo ez 
aseuaĝáxoouou 
auaenbg 7 
auajenbs 


aSeYUAS dé 
aseuquÂs auajenos À SEMIS dd 


eee 
dd Hu, — — p dd-u¹eh,ů 


S3IVNOHdSOHdSIB à 
aseuy As dqiAsawie, | 


S3IVNOHdSOHdSIB 


aceuy ASU | / 
(dd) eyeydsoyudosAd-g-Auaquados; — desu 


z ; 
g 09 seus! 
i es сун A dd Atajuados; 
ajeudsoudo/Ad-g-syeuojeaaj^ 


ejeudsoudoJÁd-c-ejeuojeAew 


À 


asseu ajeugeaawoydsoyg | 
ajeydsoyd-g-ayeuojenayy 


eeu sjeuoeAa 


div 
PISB 21ио[еләрі 


SNLLYLS 0046080169 


eseyds 
YES DWH ase 


asepa) 097 OH 


(т02-5ЙН) 
vo2-ueiniB|Auyeur-g-AxoapAu-g - 107-6005 


72 


2023-10-07 


Cellreceptors, Steroids 
exocytosis (hormones, etc) 


Myelin 


Cholesterol 


Lipid rafts Embryonic development 
Hedgehog signaling 


TA 


2023-10-07 


* Beyond being an essential molecule for eukaryotic life as a structural building block for all cell 
membranes , cholesterol is believed to serve as a genuine modulator of cell signaling and neuronal 
conduction. 


cholesterol is also an essential precursor of several biomolecules, including steroid hormones, vitamin 


D, oxysterols, and bile cids/BAs . 


Only about one-third of the body cholesterol is of dietary or "exogenous" origin (mainly animal 
products as eggs and red meat), the other two-thirds are synthesized within body cells and recognized 
as endogenous cholesterol . Virtually, all nucleated cells are able to synthesize their full complement 


of cholesterol; however, only the liver has the capacity to eliminate cholesterol via secretion into bile 
or conversion into BA. Together with the intestine, the liver controls the influx and the efflux of 


cholesterol in a coordinated manner, maintaining the whole-body cholesterol homeostasis. 


In the liver, part of free dietary as well as de novo-synthesized cholesterol is esterified to cholesteryl 


esters and packaged along with triglycerides and ApoB-100 into VLDLs to be secreted into the blood. 
The VLDL lipoproteins are further metabolized to form LDLs that are involved in the transport to 


peripheral tissues, as the case of VLDLs. Such lipoproteins containing ApoA-I mediate the reverse 
cholesterol transport from peripheral cells into the liver. In fact, several reports described the key role of 
ApoA-l in the different steps of reverse cholesterol transport starting from the nascent HDL formation 
and their remodeling, via LCAT, to the HDL cholesterol delivery into the liver through scavenger receptor 
class B type 1 (SR-B1). 


Returning to the liver by HDL, cholesterol is further converted into BAs. Previously seen as simple fat 
emulsifiers, BAs are now known as critical modulators influencing a plethora of host processes, 
including lipid, glucose, and energy metabolism, through the activation of several nuclear receptors, 
namely, FXR, pregnane X receptor, vitamin D receptor, and one G protein-coupled receptor (TGR5) (. 
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e Following a coordinated series of steps involving at least 17 different enzymes (34, 35), two 


primary BAs, chenodeoxycholic acid (CDCA) and cholic acid (CA), are synthesized from 


cholesterol in the liver. 


Prior to secretion, BAs are subsequently conjugated to either glycine or taurine, with a ratio 
of glycine to taurine of 3:1 in humans, and then stored in the gallbladder as mixed micelles 
along with cholesterol and phospholipids. Conjugation reduces BA pK,, making BAs тоге 
water soluble and much more able to fulfill their function as typical detergent molecules in 
the acid environment of the duodenum. 


On consumption of a meal, the gallbladder contracts and releases BA micelles into the 
intestinal lumen to help solubilize cholesterol and fat-soluble vitamins. BAs are afterward 
extensively reclaimed by the distal ileum via the apical Na*-dependent transporter (ASBT), 
present on the enterocyte brush border. Intracellularly, intestinal bile-acid-binding protein 
(IBABP, FABP6) promotes BA transport to the basolateral membrane where BAs are effluxed by 
OST-a/B into the blood. Returning to the liver, BAs are taken up avidly by the Na*-taurocholate 
cotransporting polypeptide (NTCP) and, to a lesser extent, by organic anion transporters 
(OATPs) to be reconjugated and resecreted during the next course of digestion, thus 
completing a portal enterohepatic circulation. 


The combined effects of these coordinated steps mentioned above help to regulate not only 
the serum cholesterol level but also the whole-body cholesterol balance, which is maintained 
by fine interactions between cholesterol absorption, excretion, and synthesis). 
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cholesterol is also an essential precursor of several 
biomolecules, including steroid hormones, vitamin D, 


oxysterols, and bile cids/BAs . 
cholesterol is believed to serve as a genuine modulator 
of cell signaling and neuronal conduction. 


We synthesize vitamin D3 from cholesterol, In the skin, 
cholesterol is converted to 7-dehydrocholesterol. 


In the presence of UV-B light, 7-dehydrocholesterol is 
converted to vitamin D3. Synthesized vitamin D will 
combine with vitamin D-binding protein (DBP) to be 
transported to the liver. Dietary vitamin D2 and D3 is 
transported to the liver via chylomicrons and then taken 
up in chylomicron remnants. 


Once in the liver, the enzyme 25-hydroxylase (25-OHase) 
adds a hydroxyl (-OH) group at the 25th carbon, forming 
25-hydroxy vitamin D (25(OH)D, calcidiol). This is the 


circulating form of vitamin D, thus 25(OH)D blood levels 
are measured to assess a person's vitamin D status. 


The active form of vitamin D is formed with the addition 
of another hydroxyl group by the enzyme 1alpha- 
hydroxylase (1alpha-OHase) in the kidney, forming 1,25 


hydroxy vitamin D (1,25(OH)2D). 
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* We synthesize vitamin D3 from cholesterol, as shown below. In the skin, cholesterol is 
converted to 7-dehydrocholesterol. 


* In the presence of UV-B light, 7-dehydrocholesterol is converted to vitamin D3. 
Synthesized vitamin D wil combine with vitamin D-binding protein (DBP) to be 
transported to the liver. Dietary vitamin D2 and D3 is transported to the liver via 
chylomicrons and then taken up in chylomicron remnants. 
e Once in the liver, the enzyme 25-hydroxylase rs OHase) adds a hydroxyl (- eu group at 
the 25th carbon, forming 25-hydroxy vitamin D (25(OH)D, calcidiol). This is t 


circulating form of vitamin D, thus 25(0H)D blood levels are measured to E a 


person's vitamin D status. 


* The active form of vitamin D is formed with the addition of another W group by 
the enzyme 1alpha-hydroxylase (1alpha-OHase) in the kidney, forming 1,25 hydroxy 
vitamin D (1,25(0H)2D). 
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7-dehydrocholesterol 


Vi 2 is rel from the liver, travels in the blood and finally, the . 

First, the liver makes 7-dehydrocholesterol and sends it to the skin. UV light converts 7-dehydrocholesterol 
to cholecalciferol (also known as Vitamin D3). Once transformed, the molecule moves from the skin into 
the bloodstream where it then flows back to the liver. In the liver, the molecule gets updated again to 25- 
hydroxycholecalciferol (Vitamin D2). This molecule then gets released back into the bloodstream and flows 
around until it reaches your kidneys where it finally gets converted to the active form of vitamin D (1,25 
dihydroxycholecalciferol or calcitriol)! 82 
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Galbladder 


Mostly after eating meals, bile is 
eleased from the gallbladder 
into the gut. Here, substances 
within the bile called bile acids 
help with the breakdown and 
absorption of fat. Apart from 
their role in the digestive 
system, bile acids have been 
shown to communicate with 
other organs and thereby affect 


the metabolism of fat and sugar. 


Not unexpectedly, considering 
their roles in digestion and 
metabolism, bile acids are 
associated with various 
metabolic diseases in humans, 
such as obesity and diabetes. 
Modulation of bile acids could 
therefore be used as a strategy 
to treat or prevent such 
metabolic disorders. 
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* The primary bile acids (BAs) are synthetized from cholesterol in the liver, conjugated 
to glycine or taurine to increase their solubility, secreted into bile, concentrated in the 
gallbladder during fasting, and expelled in the intestine in response to dietary fat. 


* BAs are also bio-transformed in the colon to the secondary BAs by the gut microbiota, 
reabsorbed in the ileum and colon back to the liver, and minimally lost in the feces. 


BAs in the intestine not only regulate the digestion and absorption of cholesterol, 
triglycerides, and fat-soluble vitamins, but also play a key role as signaling molecules in 
modulating epithelial cell proliferation, gene expression, and lipid and glucose 
metabolismby activating farnesoid X receptor (FXR) and G-protein-coupled bile acid 
receptor-1 (GPBAR-1, also known as TGR5) in the liver, intestine, muscle and brown 
adipose tissue. 


The role of bile in lipid metabolism goes beyond that of fat emulsifier. Recent studies 
have also pointed to BAs as signaling molecules with metabolic effects via interaction 
with the nuclear receptors farnesoid X receptor (FXR), pregnane X receptor (PXR), and 
vitamin D receptor (VDR), G-protein coupled receptors such as GPBAR-1, and cell 
signaling pathways such as c-Jun N-terminal kinase (JNK) and extracellular signal- 
regulated kinase (ERK). Through these interactions, BAs help to regulate energy, 


glucose, lipids and lipoprotein metabolism. 
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Cholesterol is an important component of lipids in animal membranes. All living cells can synthesize 
cholesterol, but the amount of synthesis is not sufficient, and therefore cholesterol synthesized in the liver is 
delivered to extrahepatic tissues as a form of LDL. 


The liver is a primary organ to not only synthesize but also catabolize cholesterol into bile acids, which ends 
up to excrete with the feces. The synthesis of bile acids occurs exclusively in the liver in a series of enzymatic 
reactions in the hepatocyte that convert hydrophobic cholesterol into more water-soluble amphiphatic 
compounds. The production of bile acids is localized primarily in the perivenous hepatocytes, that is, the 
cells surrounding the central hepatic vein. 


The synthetic and catabolic pathways are precisely regulated under the negative-feedback control system 
under the transcriptional regulation driven by several transcription factors such as the sterol regulatory 
element-binding proteins (SREBPs), the liver x receptor, and the farnesoid x receptor. 


Cholesterol can not be burned or decomposed in our body, so it must be converted into bile acids in the 
liver. 


When stored in the gallbladder, bile acids are secreted into the upper small intestine and serve as 
solubilizers to facilitate the absorption of lipids and fat-soluble vitamins. Greater than 90% of bile acids are 
reabsorbed in the ileum through a bile acid transporter. They are then transported back to the liver, and 
some of them leak into the systemic blood flow. 


Recent discovery of the ubiquitous G protein-coupled receptor (GPCR) bile acid-binding receptor TGR5 has 
begun to elucidate the largely unknown physiological function of circulating bile acids . 
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Recently, the gut microbiota has emerged as a crucial factor that influences cholesterol metabolism. 


Ever since, significant interest has been shown in investigating these host-microbiome interactions to 
uncover microbiome-mediated functions on cholesterol and bile acid (BA) metabolism. 


Indeed, changes in gut microbiota composition and, hence, its derived metabolites have been 
ео reported to subsequently impact the metabolic processes and have been linked to several 
iseases. 


In this context, associations between a шр gut microbiome, impaired bile acid /BA metabolism, 
and cholesterol dysregulation have been highlighted. Extensive advances in metagenomic and 
metabolomic studies in this field have allowed us to further our understanding of the role of intestinal 
bacteria in metabolic health and disease. 


Before their secretion into the bile canalicular lumen for storage in the gallbladder as mixed micelles 
with phospholipids and cholesterol, primary bile acids are conjugated with taurine or glycine, further 


enhancing their hydrophilicity. Upon ingestion of a meal, gallbladder contraction releases micellar bile 
acids into the intestinal lumen to aid digestion. 


Enterohepatic circulation enables 95% of bile acids to be reabsorbed from the distal ileum and I 
transported back to the liver via the portal circulation. Interestingly, the perivenous ро: which 
account for the production of bile acids, are not involved in the reuptake of bile acids; bile acids are 


taken up and transported primarily by pericentral hepatocytes that surround the portal triads, where 
portal blood enters the liver acinus . The zonation differences accounting for where bile acids are 
produced and reenter the liver are relatively unexplored; thus, the (patho)physiological relevance of 
these observations is unknown at this time . Only ~5% of bile acids are not reabsorbed and are 
HARAS in the feces. This small amount of loss is replenished via de novo synthesis of bile acids in the 
iver. 
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Bile acids are potent “digestive surfactants” that promote absorption of lipids (including fat-soluble vitamins), 
acting as emulsifiers. Bile acids represent the primary pathway for cholesterol catabolism and account for ~50% 
of the daily turnover of cholesterol . 


The immediate products of the bile acid r s are referred to as primary bile acids. Cholic acid and 
chenodeoxycholic acid are the primary bile acids formed in humans. 


The action of intestinal bacterial flora on primary bile acids results in the formation of secondary bile acid 
species: deoxycholic and lithocholic acids, derived from cholic acid and chenodeoxycholic acid, respectively. 


The steps leading to formation of primary bile acids include hydroxylation of cholesterol, catalyzed by the 
cytochrome P450 enzyme cholesterol A NIIE CYP 7AT, the first and rate-limiting step of the so-called 
classic or neutral pathway of bile acid Di t r. The activity of CYP7A1 is subject to complex modes 
of control. The conversion of cholesterol to bile acids is primarily determined by this pathway (2). 


Bile acid synthesis can also occur by an “alternative” or “acidic” pathway, which is есеп by the enzyme 
u 


CYP27A1 and converts oxysterols to bile acids Unlike CYP7A1, CYP27A1 is not regulated by bile acids. 


It is estimated that only 6% of bile acid synthesis occurs via this pathway , but data also suggest that under certain 
conditions, such as fetal development (14) and chronic liver disease, this pathway may contribute more 
significantly to bile acid synthesis. The subsequent conversion of bile acid intermediates from either the classical 
or alternative pathways to cholic acid or chenodeoxycholic acid is governed by CYP8B1; interaction of these 
intermediates with this enzyme determines the amount of cholic acid versus chenodeoxycholic acid formed. 
Hydroxylation via CYP8B1 results in the formation of the more hydrophilic cholic acid molecule. Thus, the cholic 
St dice n OB ы acid ratio determines the overall hydrophobicity (and biological properties) of the bile 
acids pool. 
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The size of the bile acid pool is tightly regulated within the liver and intestine to prevent cytotoxic accumulation of 
bile acids. As the bile acid pool size increases, a feedback mechanism, governed by the interplay of several nuclear 
receptors, is activated to inhibit de novo bile acid synthesis. In the liver, the nuclear receptor living receptor 
homolog (LRH)-1 activates gene transcription of the CYP7A1 gene. 


In 1999, bile acids were identified as the natural ligands for the farnesoid X receptor (FXR). By binding to the 
nuclear receptor FXR, bile acids mediate control of their own synthesis (16,17). FXR is thus a "bile acid sensor.” 
FXR can be activated by both primary and secondary conjugated bile acids, but chenodeoxycholic acid appears to 
be the most potent natural bile acid ligand (16,17). FXR functions as a biological regulator of bile acid synthesis 
through its transcriptional induction of the inhibitory nuclear receptor SHP (2). In the liver, small heterodimer 
partner (SHP) exerts its inhibitory effect by interacting with LRH-1 and subsequently repressing CYP7A1 
transcription activation by LRH-1 


Bile acids can also inhibit transcription of CYP7A1 by repressing another nuclear receptor, hepatocyte nuclear 
factor (HNF)-4a . Intestinal FXR activation due to transintestinal bile acid flux after a meal also induces the 
expression of fibroblast growth factor (FGF)-19, which is released by small intestine epithelial cells and circulates 
to bind to hepatocyte FGF receptor 4 (FGFR4) receptors that signal a reduction in bile acid synthesis via c-Jun NH2- 
terminal kinase (JNK) pathway activation. 


Repression of CYP7A1 results in decreased synthesis of bile acids from intrahepatic cholesterol in response to the 
daily feeding-fasting cycle. Finally, emerging evidence suggests that expression of intestinal bile acid-binding 
protein (IBABP), which may be involved in the shuttling of bile acids from the apical to basolateral side of 
enterocytes on reabsorption, as well as Na+ taurocholate cotransporting polypeptide (NTCP), which uptakes bile 
acids returning to the liver, may also be under partial FXR control Thus, FXR activation serves as a critical 
modulator of the enterohepatic circulation and de novo synthesis of bile acids to provide tight regulation of the 
bile acid pool. Б 
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In the classic pathway, cholesterol is converted to 
7a-hydroxycholesterol by the rate-limiting enzyme 
CYP7A1, which is located in the ER. The ЗВ- 
hydroxysteroid dehydrogenase (3BHSD, HSD3B7) 
converts 7a-hydroxycholesterol to 7a-hydroxy-4- 
cholesten-3-one (C4), which is converted to 
7a,12a-dihydroxy-4-cholesten-3-one by a sterol 
12a-hydroxylase (CYP8B1) leading to synthesis of 
CA. Without 12a-hydroxylation by CYP8B1, C4 is 


bile acid biosynthetic 


pathways are shown. 


eventually converted to CDCA. The mitochondrial 
sterol 27-hydroxylase (CYP27A1) catalyzes the 
steroid side chain oxidation in both CA and CDCA 
synthesis. In the alternative pathway, cholesterol is 
first converted to 27-hydroxycholesterol by 


”. 


СҮР27А1. Oxysterol 7a- hydroxylase (CYP7B1) 
catalyzes hydroxylation of 27-hydroxycholesterol to 
38,7a-dihydroxy-5-cholestenoic acid, which 
eventually is converted to CDCA. Oxysterol 7a- 
hydroxylase (CYP7B1) is nonspecific and can also 
catalyze hydroxylation of 25-hydroxycholesterol to 
5-cholesten-3B,7a,25-triol. In the large intestine, 
bacterial 7a-dehydroxylase removes a hydroxyl 
group from C-7 and converts CA to DCA and CDCA 
O.LCA. In mouse liver, most of CDCA is converted 
to a- and B-MCA. In the intestine, bacterial 7a- 
idehyd roxylase activity convers CA and CDCA to DCA 
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* In the classic pathway, cholesterol is converted to 7a- 
hydroxycholesterol by the rate-limiting enzyme CYP7A1, which is 
located in the ER. The 3B-hydroxysteroid dehydrogenase (3BHSD, 
HSD3B7) converts 7a-hydroxycholesterolto 7a-hydroxy-4-cholesten- 
3-one (C4), which is converted to 7a,12a-dihydroxy-4-cholesten-3- 
one by a sterol 12a-hydroxylase (CYP8B1) leading to synthesis of CA. 
Without 12a-hydroxylation by CYP8B1, C4 is eventually converted to 
CDCA. The mitochondrial sterol 27-hydroxylase (CYP27A1) catalyzes 
the steroid side chain oxidation in both CA and CDCA synthesis. In 
the alternative pathway, cholesterol is first converted to 27- 
hydroxycholesterol by CYP27A1. Oxysterol 7a- hydroxylase (CYP7B1) 
catalyzes hydroxylation of 27-hydroxycholesterol to 36, 7a-dihydroxy- 
5-cholestenoic acid, which eventually is converted to CDCA. 
Oxysterol 7a-hydroxylase (CYP7B1) is nonspecific and can also 
catalyze hydroxylation of 25-hydroxycholesterol to 5-cholesten- 
3p,7a,25-triol. In the large intestine, bacterial 7a-dehydroxylase 
removes a hydroxyl group from C-7 and converts CA to DCA and 
CDCA to LCA. In mouse liver, most of CDCA is converted to a- and B- 
MCA. In the intestine, bacterial 7a-dehydroxylase activity convers CA 
and CDCA to DCA and LCA, respectively. CYP3A1 and epimerase also 
convert CDCA to the secondary bile acids, including THCA, TMDCA, 
w-MCA, THDCA, and TUDCA. LCA and w-MCA are excreted into feces. 
THCA, taurohyocholic acid; THDCA, taurohyodeoxycholic acid; 
TMDCA, tauromurideoxycholic acid 
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The human bile Food intake stimulates An average man produces approximately 0.5 g 
the gallbladder to bile acid per day by synthesis in the liver, and 
к= | release bile acids into secretes approximately 0.5 g/day. Conjugated 

0.2 to 0.6 g/d the small intestine. Ап pile acids are efficiently reabsorbed in the ileum 

average man produces py active transport, whereas a small amount of 


Storage in approximately 0.5 g unconjugated bile acids is reabsorbed by 
gallbladder bilEnterohepatic passive diffusion in the small and large 


9 d circulation of bile acids. intestines. The first-pass extraction of bile acids 
om the portal blood by the liver is very 
e LS зөсгеноп Biliary secretion Ñficient. Small amounts of bile acids that 
ile pilled over into the systemic circulation are 
[g In pool 4-12 cyclonic) ecovered in kidney. The bile acids in the pool 


Passive are recycled 4-12 times a day.e acid per day 
by synthesis in the liver, and secretes 


Portal venus return to 
hepatocytes 
(95% of biliary secretion) 


approximately 0.5 g/day. Conjugated bile acids 
are efficiently reabsorbed in the ileum by active 
transport, whereas a small amount of 
lleal active unconjugated bile acids is reabsorbed by 
transport passive diffusion in the small and large 
intestines. The first-pass extraction of bile acids 
rn from the portal blood by the liver is very 
N ои Colonic passive efficient. Small amounts of bile acids that 
of bile acids. The human transport spilled over into the systemic circulation are 
bile acid pool consists of recovered in kidney. The bile acids in the pool 


approximately 3 g of bile are recycled 4-12 times a day. 


acids. Fecal excretion 


0.2 to 0.6 g/d), 5% of pool 
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Cholesterol 
4 Overview of cholesterol 


metabolism in the liver. The 
primary sources of hepatic 
. b cholesterol are de 
Bile acid : : : 

novo synthesized and circulating 
cholesterol carried by apoB- 

HDL containing lipoprotein particles. 
Output pathways of hepatic 


cholesterol mainly comprise VLDL 


secretion and bile acid synthesis. 
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* Cholesterol metabolism is often dysregulated in 


cancer. Squalene monooxygenase (SQLE) is the 
second rate-limiting enzyme involved in 
cholesterol synthesis. Since the discovery of 
SQLE dysregulation in cancer, compelling 
evidence has indicated that SQLE plays a vital 
role in cancer initiation and progression and is a 
promising therapeutic target for cancer 
treatment. In this review, we provide an 
overview of the role and regulation of SQLE in 
cancer and summarize the updates of antitumor 
therapy targeting SOLE. 


The simplified scheme of cholesterol 
biosynthesis. The biosynthesis pathway converts 
acetyl-CoA into cholesterol more than 20 
enzymatic reactions, among which HMG-CoA 


reductase (HMGCR) and squalene epoxidase 
(SQLE) are the two key speed-limiting enzymes. 


Besides, SQLE can divert 2,3-epoxysqualene into 
dioxidosqualene. The end product of the shunt 
pathway, 24(S),25-epoxycholesterol can regulate 
the cholesterol metabolism in turn. IPP: 
Isopentenyl-PP, FPP: Farnesyl-PP, FDPS: Farnesyl- 
diphosphate farnesyltransferase 1, FDFT1: 
Farnesyl-diphosphate farnesyltransferase 1. 
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Inclisiran 


PCSK9-Inhibitors 


Mechanism of non-statin 
drugs (ezetimibe, PCSK9 
inhibitors, bempedoic 
acid, and inclisiran). CoA, 
coenzyme A; ATP-CL, ATP 
citrate lyase; HMG-CR, 
HMG-CoA reductase; 
NPC1L1, Niemann-Pick 
C1-Like 1; mRNA, 
messenger RNA. 
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Statins, alirocumab, evolocumab, ezetimibe, bempedoic acid 
and bile acid sequestrants are approved and marketed. 
Inclisiran, evinacumab and AKCEA-APO(a)-L:.* are in clinical 
development. 
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CENTRAL ILLUSTRATION: Working Mechanisms of Low-Density Lipopro- 


tein Cholesterol Lowering Therapies 
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Nurmohamed, N.S. et al. J Am Coll Cardiol. 2021:77(12):1564-75. 
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